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The  thermodynamic  properties  of  the  ternary  Au–Cu–Sn  system  were  determined  with  the  electromotive
force  (EMF)  method  using  a liquid  electrolyte.  Three  different  cross-sections  with  constant  Au:Cu  ratios
of 3:1,  1:1,  and  1:3  were  applied  to measure  the  thermodynamic  properties  of the  ternary  system  in  the
temperature  range  between  the  liquidus  temperature  of  the  alloys  and 1023  K.  The  partial  free energies  ofvailable online 12 August 2011
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Sn  in liquid  Au–Cu–Sn  alloys  were  obtained  from  EMF  data. The  integral  Gibbs  free  energy  and  the integral
enthalpy  at  900  K  were  calculated  by  Gibbs–Duhem  integration.  The  ternary  interaction  parameters  were
evaluated  using  the  Redlich–Kister–Muggianu  polynomial.
© 2011 Elsevier B.V. Open access under CC BY-NC-ND license. . Introduction
Development of the new lead-free solders has been a global
rend due to environmental and health concerns for Pb toxicity.
u–Sn based alloys have been considered as a potential material
o replace the Pb-containing solders especially for the high-
emperature applications [1–3]. Currently eutectic 80Au–20Sn
wt.%) solders are already used as high-temperature solders in
ptoelectronics industry [4]. But the main disadvantage of this
ind of solders is the high price, so another component should
e added to reduce the cost. Metallic copper behaves chemically
ike Au and copper alloys have excellent electrical properties,
o Au–Cu–Sn alloys have been proposed as promising lead-free
olders.
Thermodynamic properties are of great use for the develop-
ent of a lead-free solder database, for design of new lead-free
olders, and for the prediction of various alloy properties like
he wetting behavior, the surface tension and the viscosity [5].
o far, two investigations of the thermodynamic properties on
u–Cu–Sn system have been reported. Knott et al. [6] used calori-
etric measurements to determine the integral enthalpy of mixing
f Au–Cu–Sn system. However, measurements were performed at
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ax: +43 1 4277 9529.
E-mail address: guozhongn@163.com (Z. Guo).
040-6031     © 2011 Elsevier B.V.  
oi:10.1016/j.tca.2011.08.011
Open access under CC BY-NC-ND license. constant 1273 K and the Gibbs energies cannot be obtained, so
it is necessary to employ other experimental methods, such as
vapour pressure measurements or electromotive force (EMF) mea-
surements, for the determination of a complete thermodynamic
description [7,8]. Recently, an EMF  method with solid electrolyte
was carried out by Wierzbicka-Miernik et al. [9] in the tempera-
ture range from 900 to 1360 K, to study the thermodynamic data
of this system. The activities of tin in Au-Cu–Sn system are cal-
culated from Ref. [9] and plotted in Fig. 1. It can be seen that
the results at 1273 K show good consistency, but the ﬂuctuations
of the values at 900 K are too large at all three cross-sections. It
is obvious that the results given by Ref. [9] are not reliable for
the lower temperature range. Furthermore, although the enthalpy
values of nine alloys were given in Ref. [9], the procedure of
calculation could not be found in the paper, so the thermody-
namic data of the entire ternary system is still not available
for us.
In order to build a complete and accurate thermodynamic
description of the ternary Au–Cu–Sn system, an EMF  method with
liquid electrolyte was  carried out at the lower temperature range
from the liquidus temperature of the alloys to 1023 K. Two types
of electrolyte: liquid and solid, each with characteristic advantages
and disadvantages, were described in detail by Ipser et al. [10]. The
partial thermodynamic properties were calculated from the EMF
data. The Gibbs–Duhem integration was  used to determine the
integral thermodynamic properties of the entire ternary system.
Results from the earlier studies [6,9] were compared and discussed
in this work.
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Before the EMF  measurement the liquidus of the alloys wereig. 1. Activities of tin in ternary Au–Cu–Sn system calculated from Ref. [9] (a) at
273  K; (b) at 900 K.
. Experimental procedures
.1. Materials
The ternary alloys were prepared from high purity metals (gold
heet, purity 99.95%; copper wire, purity 99.9%; tin ingots, purity
9.999%). Gold was a product of Ögussa, Austria, whereas copper
nd tin were products of Johnson Matthey GmbH, Germany. In
rder to remove the oxide layer from the surface, copper wire was
eated for 3 h at 573 K under hydrogen ﬂow and tin ingots were
olished with a ﬁne sand paper. Gold was used without further
uriﬁcation. The metals were prepared with the target composi-
ions (three different cross-sections with constant Au:Cu ratios of
:1, 1:1, and 1:3), sealed in quartz tube under vacuum and melted
t 1173 K for one week. Afterwards the samples were quenched
n ice water. Approximately 2 g of each alloy was  used for the
easurements. The eutectic mixture KCl (Merck, Germany, mass
raction purity >0.995) and LiCl (Merck, Germany, mass fraction
urity >0.99) with addition of about 0.5 at.% SnCl2 (Johnson Matthey
mbH, Germany, mass fraction purity >0.99) was used as the liquid
lectrolyte. The cleaning of the electrolyte was described by Mikula
11].Fig. 2. Galvanic cell assembly.
2.2. EMF technique
The schematic cell arrangement is shown in Fig. 2. Four elec-
trodes were used for each measurement. One is the reference
electrode which should be the most electropositive pure metal in
the system (pure tin was used in this work), and the other three are
alloys with different compositions which were measured. A verti-
cal furnace was used to heat the whole cell and the four electrodes
were inserted into the liquid electrolyte after it melted. A Ni/NiCr
thermocouple was put into the central quartz tube to measure the
temperature simultaneously during the measurement. Measure-
ments were carried out on heating and cooling with a rate of 10 K/h.
The EMF  values were continuously measured by a voltmeter with
an impedence larger than 1010 Ohm. The temperature and EMF
values were automatically recorded every 5 min. During the experi-
ment, the measurement was kept at the high and low temperature
limits for a longer period of time (about 6 h) to check the stabil-
ity of the EMF  values. In this work, the cooling curve was taken to
evaluate the thermodynamic properties of this system.
2.3. Differential thermal analysisdetermined by differential thermal analysis so that the tem-
perature range for the EMF  measurement could be determined.
Thermal analysis was  performed on a 404S DTA-instrument (Net-
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Table 1
Liquidus temperature of the samples at the three cross-sections Au:Cu 3:1, 1:1, and
1:3.
Au:Cu 3:1 cross-section Au:Cu 1:1 cross-section Au:Cu 1:3 cross-section
XSn Liquidus T/K XSn Liquidus T/K XSn Liquidus T/K
0.2 680.9 0.2 843.0 0.2 891.8
0.3  623.0 0.3 734.2 0.3 842.9
0.4  673.1 0.4 813.9 0.4 830.5
0.5  706.1 0.5 730.0 0.5 813.9
0.6  688.7 0.6 726.4 0.6 801.5
0.7  663.5 0.7 704.8 0.7 723.8
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Table 3
Activities and partial quantities of Au–Cu–Sn system (a) for Au:Cu 3:1 cross-section;
(b)  for Au:Cu 1:1 cross-section; (c) for Au:Cu 1:3 cross-section.
XSn ˛Sn G¯Sn J mol
−1 H¯Sn J mol
−1 S¯Sn J K−1 mol
−1
(a) Au:Cu = 3:1
0.2000 0.0184 −29,916 −21,267 9.610
0.2021 0.0193 −29,523 −21,117 9.340
0.3014 0.0611 −20,916 −13,934 7.757
0.4016 0.1591 −13,749 −8435 5.905
0.5029 0.3100 −8761 −5531 3.589
0.6007 0.4676 −5683 −2123 3.956
0.6983 0.6464 −3261 −569 2.991
0.8020 0.7370 −2285 1501 4.207
0.9001 0.8953 −1187 −648 0.598
(b)  Au:Cu = 1:1
0.2005 0.0385 −24,363 −15,036 10.362
0.2014 0.0472 −22,850 −13,975 9.861
0.3005 0.1297 −15,279 −10,295 5.538
0.3011 0.1321 −15,144 −9934 5.789
0.3996 0.2772 −9600 −3765 6.484
0.4007 0.2912 −9232 −3518 6.349
0.4982 0.4542 −5832 −1245 5.094
0.5025 0.4588 −5905 −1424 4.978
0.5998 0.5942 −3896 −874 3.358
0.6999 0.7221 −2377 245 2.914
0.7005 0.7278 −2435 309 3.049
0.8011 0.8408 −1297 266 1.737
0.9003 0.9294 −447 −639 −0.212
0.9008 0.9419 −547 −756 −0.232
(c)  Au:Cu = 1:3
0.2004 0.0955 −17,570 −11,109 7.1780.8  599.1 0.8 662.4 0.8 691.2
0.9  586.1 0.9 628.4 0.9 611.9
sch, Germany). Samples weighing 200–300 mg  were used for the
TA measurements. The DTA instrument was calibrated using high
urity metals Au, Sb and Sn as standards to establish an internal
alibration ﬁle. The deviation did not exceed 1.5 K. Sealed quartz
ubes were used for the measurements to avoid oxidation of the
lloys. Two heating and cooling curves were recorded with heating
nd cooling rates of 5 K/min. Details of the data evaluation can be
ound in Ref. [12]. The average values of the melting points obtained
rom the two heating curves were taken and are given in Table 1.
. Theory and calculation
In order to determine the tin activity in liquid Au–Cu–Sn alloys,
he following cell arrangement was used in the experiment:
, Sn(l)/KCl–LiCl–SnCl2/Au–Cu–Sn(l), W
able 2
he temperature dependence of EMF  data of liquid Au–Cu–Sn alloys (a) for Au:Cu
:1 cross-section; (b) for Au:Cu 1:1 cross-section; (c) for Au:Cu 1:3 cross-section.
XSn E/mV  
(a) Au:Cu = 3:1
0.2000 110.21 + 0.0498T ±0.47
0.2021 109.43 + 0.0484T ±0.36
0.3014 72.21 + 0.0402T ±0.32
0.4016 43.71 + 0.0306T ±0.26
0.5029 28.66 + 0.0186T ±0.28
0.6007 11.00 + 0.0205T ±0.28
0.6983 2.95 + 0.0155T ±0.13
0.8020 −7.78 + 0.0218T ±0.35
0.9001 3.36 + 0.0031T ±0.03
(b) Au:Cu = 1:1
0.2005 77.92 + 0.0537T ±0.13
0.2014 72.42 + 0.0511T ±0.16
0.3005 53.35 + 0.0287T ±0.26
0.3011 51.48 + 0.0300T ±0.31
0.3996 19.51 + 0.0336T ±0.32
0.4007 18.23 + 0.0329T ±0.24
0.4982 6.45 + 0.0264T ±0.29
0.5025 7.38 + 0.0258T ±0.10
0.5998 4.53 + 0.0174T ±0.06
0.6999 −1.27 + 0.0151T ±0.08
0.7005 −1.60 + 0.0158T ±0.11
0.8011 −1.38 + 0.0090T ±0.06
0.9003 3.31–0.0011T ±0.02
0.9008 3.92–0.0012T ±0.03
(b) Au:Cu = 1:3
0.2004 57.57 + 0.0372T ±0.62
0.2984 32.85 + 0.0366T ±0.45
0.4006 2.36 + 0.0412T ±0.19
0.4982 0.18 + 0.0291T ±0.20
0.6007 −5.46 + 0.0236T ±0.21
0.7008 −4.65 + 0.0173T ±0.35
0.8003 −5.16 + 0.0110T ±0.05
0.9006 −2.80 + 0.0061T ±0.04
0.2984 0.1833 −12,696 −6339 7.063
0.4006 0.3607 −7611 −455 7.950
0.4982 0.5066 −5089 −35 5.615
0.6007 0.6643 −3045 1054 4.554
0.7008 0.7546 −2107 897 3.338
0.8003 0.8849 −915 996 2.122
0.9006 0.9330 −519 540 1.177
Table 4
Integral thermodynamic quantities of Au–Cu–Sn system at 900 K.
XSn G J mol
−1 Gxs J mol−1 H J mol−1
Au:Cu = 3:1
0 −8102 −3894 −4913
0.2 −15,368 −8257 −9610
0.3 −16,563 −9047 −10,563
0.4 −16,623 −9062 −10,610
0.5 −15,685 −8394 −9980
0.6 −13,958 −7239 −8692
0.7 −11,533 −5700 −6813
0.8 −8608 −4022 −4230
0.9 −5143 −2290 −2251
Au:Cu = 1:1
0 −10,503 −5317 −7119
0.2 −15,622 −7728 −9758
0.3 −16,043 −7841 −10,012
0.4 −15,464 −7316 −9483
0.5 −14,124 −6344 −8271
0.6 −12,250 −5139 −6826
0.7 −9945 −3818 −5150
0.8 −7207 −2425 −3333
0.9 −3976 −1024 −1952
Au:Cu = 1:3
0 −8311 −4103 −5545
0.2 −12,361 −5251 −7570
0.3 −12,674 −5158 −7684
0.4 −12,271 −4710 −7012
0.5 −11,258 −3967 −5879
0.6 −9789 −3070 −4574
0.7 −7973 −2140 −3182
0.8 −5764 −1178 −1773
0.9 −3217 −363 −492
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= z · b · F (4)ig. 3. Comparison of the activities obtained in this work and the data calculated
rom Ref. [9]:  (a) for Au:Cu 3:1 cross-section; (b) for Au:Cu 1:1 cross-section; (c) for
u:Cu 1:3 cross-section.
Under reversible conditions, the Gibbs free energy change for
he reaction is given by:
G¯ = −z · F · E = RT · ln (a ) (1)Sn Sn
here z is the number of exchanged electrons, F the Faraday con-
tant (96,485 ◦C mol−1), E the electromotive force in volts, R the
niversal gas constant (8.3145 J K−1 mol−1), T the temperature inFig. 4. Activities of tin in ternary Bi–Cu–Sn system given by Kopyto et al. [20].
Kelvin, and aSn the thermodynamic activity of tin in the ternary
alloy.
For all the investigated compositions the EMF  versus T (temper-
ature in K) curves were straight lines. A least-squares ﬁt was  used,
and the EMF was  expressed by the following equation:
E = a + b × T (2)
where a is the ordinate intercept and b the slope.
From the temperature dependence of E, the partial molar
enthalpy H¯Sn and the partial molar entropy S¯Sn were derived
using the following equations:
H¯Sn = z · F
[
E − T
(
∂E
)]
= −z · a · F (3)Fig. 5. Integral Gibbs free energy curves for Au:Cu 3:1, 1:1 and 1:3 cross-sections
at  900 K.
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The integral excess Gibbs free energy and the integral enthalpy
f mixing were determined by adopting the Gibbs–Duhem equa-
ion given by Elliot and Chipman [13] as:
Gxs = (1 − XSn)
[
GxsAu–Cu +
∫ XSn
0
[
G¯xsSn
(1 − XSn)2
dXSn
]]
XAu/XCu
(5)
H = (1 − XSn)
[
HAu–Cu +
∫ XSn
0
[
H¯Sn
(1 − XSn)2
]
dXSn
]
XAu/XCu
(6)
GxsAu–Cu and HAu–Cu represent the limiting excess Gibbs energy
nd enthalpy values of the binary Au–Cu system. The Gxs values
f the Au–Cu system were taken from Ref. [14]. For the enthalpy
alues of Au–Cu system, the results determined by Fitzner et al.
15] were used.
The ternary interaction parameters of the excess Gibbs free
nergy were calculated using the Redlich–Kister–Muggianu poly-ross-section; (b) for Au:Cu 1:1 cross-section; (c) for Au:Cu 1:3 cross-section.
nomial (Eq. (7)) given by Ansara and Dupin [16], which was also
used for the calculation of the parameters of the enthalpy of mixing.
Gxs =
∑
i
∑
j>i
[XiXj
∑
v
L(v)
i:j (Xi − Xj)
v
] + XAXBXC (M(0)A:B:CXA
+ M(1)A:B:CXB + M
(2)
A:B:CXC ) (7)
where i and j are equal 1, 2, and 3 representing the elements A, B,
and C, in the case of this work, Au, Cu, and Sn. L(v)
i:j (v = 0.1...) are the
interaction parameters of the binary Au–Cu, Au–Sn, and Cu–Sn sys-
tem, for the excess Gibbs free energies taken from Refs. [14,17,18]
and for the enthalpies of mixing taken from Refs. [14,15,19].  The
last term represents the excess Gibbs energy or additional enthalpy
of mixing due to the ternary interactions. With the thermody-
namic data for the three cross-sections measured in this work, the
excess ternary interaction parameters M(˛)A:B:C were evaluated. Using
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Table  5
Binary and ternary interaction parameters of the liquid phase used for the calcula-
tion of the integral excess Gibbs free energy at 900 K.
Interaction parameter v J mol−1
L(v)Au:Cu
0 −21,280
1 796
2  −18
L(v)Au:Sn
0 −50,998
1  −16,869
2  −3676
L(v)Cu:Sn
0 −16,180
1 −19,561
2 −13,585
Interaction parameter  ˛ J mol−1
(˛) 0 7951
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Table 6
Binary and ternary interaction parameters of the liquid phase used for the calcula-
tion of the integral enthalpy of mixing at 900 K.
Interaction parameter v J mol−1
L(v)Au:Cu
0 −28,474
1 3372
2 2340
L(v)Au:Sn
0 −46,292
1 −9148
2 6264
L(v)Cu:Sn
0 −8194
1 −21,013
2 −11,146
Interaction parameter  ˛ J mol−1
M(˛)
A:B:C
0 16,932
1 −27,581
2 −32,704
Fig. 7. Iso-excess Gibbs free energy curves Gxs (kJ/mol) at 900 K for the ternary
Au–Cu–Sn system.M
A:B:C 1  49,224
2 179,670
he binary and ternary interaction parameters, the thermodynamic
roperties of the entire ternary system can be calculated.
. Results and discussion
The EMF  versus T curves of all the investigated compositions
ere straight lines and expressed by Eq. (2).  The parameters a and
 are given in Table 2. From the EMF  data, the activities of tin, the
artial Gibbs free energies, partial enthalpies and partial entropies
ere calculated and listed in Table 3. The integral thermodynamic
uantities were obtained by Eqs. (5) and (6) and listed in Table 4.
The activities of tin in the ternary Au–Cu–Sn system at 900 K
re shown in Fig. 3, where the values calculated from Ref. [9] are
lso plotted. As mentioned, rather large ﬂuctuations exist in the
esults at 900 K from Ref. [9].  It can be seen that our data at all
hree cross-sections show very good consistency with each other.
or Au:Cu 1:1 cross-section, the measurements have been carried
ut twice and the reproducibility was excellent. Consequently we
elieve that our results are more reliable for the lower temperature
ange (liquidus ∼ 900 K). Comparing the values at 1273 K from Ref.
9] and the results at 900 K in our work, activities decrease obvi-
usly as increase of temperature especially at the Sn-rich side for
u:Cu 1:1 and 1:3 cross-sections. Similar behavior was  observed in
he Bi–Cu–Sn system investigated by Kopyto et al. [20], who  used
he same technique with Ref. [9] to determine the tin activities in
he liquid Bi–Cu–Sn alloys and found the values decrease markedly
hen the temperature changes to 1273 K from 1073 K (as shown
n Fig. 4).
The integral Gibbs free energy values for the three cross-sections
re shown in Fig. 5. Meanwhile, the integral enthalpies of mixing are
rawn in Fig. 6, compared with the curves calculated from the inter-
ction parameters by Ref. [6] and the eight enthalpy values given
n Ref. [9].  It is noteworthy that the agreement between the EMF
ethod and the calorimetric measurement is very good at Au:Cu
:1 and 1:1 cross-sections, while relative high deviation exists at
he Au:Cu 1:3 cross-section. Furthermore, the two enthalpy val-
es from Ref. [9] at Au:Cu 1:3 cross-section show good agreement
ith the calorimetric measurement, as shown in Fig. 6(c). Since
he temperature range performed in our investigation was  lower
han the previous works [6,9], it can be considered that in ternary
u–Cu–Sn system, the temperature dependence of the enthalpy of
ixing cannot be ignored at the Cu–Sn side, while at the Au–Sn side
he enthalpy values hardly change with temperature. It can be seen
hat the minimum of the enthalpy of mixing for three cross-sections
s shifted to lower tin content from 900 K to 1273 K.
Tables 5 and 6 present the binary and ternary interaction param-
ters at 900 K. The iso-excess Gibbs free energy curves and the
so-enthalpy curves are plotted in Figs. 7 and 8.
Fig. 8. Iso-enthalpy curves H (kJ/mol) at 900 K for the ternary Au–Cu–Sn system.
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. Conclusions
This investigation of the ternary Au–Cu–Sn system yields a con-
istent set of thermodynamic data of the liquid alloys at 900 K.
ith the obtained ternary parameters it is possible to calculate the
ntegral Gibbs energy and enthalpy of mixing at any concentration
f this system. The results will complete the existing database of
he thermodynamic properties on Au–Cu–Sn system, which is very
mportant for the calculation of the phase equilibria and the predic-
ion of various alloy properties. Liquidus temperature presented in
his work can also be used for the calculation of the phase diagram.
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